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Our decisions are guided by the rewards we expect.These expectations are often based
on incomplete knowledge and are thus subject to uncertainty. While the neurophysiology
of expected rewards is well understood, less is known about the physiology of uncer-
tainty. We hypothesize that uncertainty, or more speciﬁcally errors in judging uncertainty,
are reﬂected in pupil dilation, a marker that has frequently been associated with decision
making, but so far has remained largely elusive to quantitative models.To test this hypoth-
esis, we measure pupil dilation while observers perform an auditory gambling task. This
task dissociates two key decision variables – uncertainty and reward – and their errors
from each other and from the act of the decision itself.We ﬁrst demonstrate that the pupil
does not signal expected reward or uncertainty per se, but instead signals surprise, that
is, errors in judging uncertainty. While this general ﬁnding is independent of the precise
quantiﬁcation of these decision variables, we then analyze this effect with respect to a spe-
ciﬁc mathematical model of uncertainty and surprise, namely risk and risk prediction error.
Using this quantiﬁcation, we ﬁnd that pupil dilation and risk prediction error are indeed
highly correlated. Under the assumption of a tight link between noradrenaline (NA) and
pupil size under constant illumination, our data may be interpreted as empirical evidence
for the hypothesis that NA plays a similar role for uncertainty as dopamine does for reward,
namely the encoding of error signals.
Keywords: uncertainty, noradrenaline, pupil, surprise, psychophysics, human
INTRODUCTION
From simple motor tasks to complex ﬁnancial transactions, deci-
sions are at the core of human behavior. It is often assumed that
decisions are mainly driven by the desire to maximize expected
reward. However,expected rewards are frequently uncertain. This
uncertainty affectsbehaviorandlearninginadditiontotheexpec-
tation itself. When expectations are not met, surprise arises: The
morecertainonehadbeenaboutanexpectationthatturnedoutto
be wrong,the more surprised one will be. Thus,a full description
of the decision making process requires – beyond measures of
expected reward – robust markers of uncertainty and surprise.
Here we investigate pupil dilation as an outwardly accessible,
physiological marker of decision variables. Pupil dilation under
constant illumination has been associated with a variety of cog-
nitive functions. In the context of decision making, the pupil has
been related to qualitative concepts such as arousal (Bradshaw,
1967), alertness (Yoss et al., 1970), or the decision process itself
(Simpson and Hale, 1969). Despite decades of psychophysiolog-
ical research, up to now, a quantitative link between the pupil
andpreciselydeﬁneddecisionvariableshasbeenlacking.Recently,
Gilzenrat et al. (2010) as well as Jepma and Nieuwenhuis (2011)
provided quantitative assessments of pupil dilation in the context
of shifts between exploitation (task engagement) and exploration
(disengagement). While decision variables were present in their
paradigms, they were not the primary object of study and need
to be estimated from the observers’ subjective choices. Out of the
many studies that have considered the pupil in decision making,
to the best of our knowledge,our study is the ﬁrst that is designed
explicitly to dissociate the contributions of distinct decision vari-
ables, here risk and reward and their errors, to the pupil response
in a quantitative way.
Two lines of research inspired the present study. First, con-
verging evidence from electrophysiology (Rajkowski et al., 1993,
1994),pharmacology(Phillipsetal.,2000),anatomy(Samuelsand
Szabadi, 2008 for review), and human imaging (Sterpenich et al.,
2006; but see Astaﬁev et al., 2010) points to a tight link between
pupildilationunderconstantilluminationandtheneurotransmit-
ternoradrenaline(NA).Second,arecentmodelingstudyreviewed
primarily electrophysiological studies of the noradrenergic sys-
tem and concluded that phasic NA activity may signal unexpected
uncertainty (a form of surprise; Dayan and Yu, 2006). Linking
these two lines of research, we hypothesized that the pupil signals
surprise. To test this hypothesis,we asked participants to perform
an auditory gambling task, while their pupil dilation was mea-
sured. Not only do we ﬁnd a quantitative match between surprise
and the pupil size, but we also dissociate it from expected reward,
which contributes little to nothing to the pupil response. More
intriguingly, the formalization of surprise (i.e., unexpected uncer-
tainty)asriskpredictionerror(RE)allowsusitsdissociationfrom
expected uncertainty (formalized as risk). As such, we explicitly
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link pupil data to mathematically well-deﬁned decision variables.
Using the purported link between pupil and NA,another intrigu-
ing corollary follows: in this view, NA takes the same function for
risk as dopamine does for reward – signaling prediction error.
MATERIALS AND METHODS
PARTICIPANTS
TwelvevolunteersfromthePhilipps-UniversityMarburgcommu-
nity participated in the study (5 male, 7 female; mean age: 25.7,
age range: 19–47). All participants had normal or corrected to
normal vision and gave written informed consent. All procedures
conformed with national and institutional guidelines for the use
of human subjects and with the Declaration of Helsinki.
BEHAVIORAL PARADIGM
Participantsplayedanauditorygamblingtaskadaptedfromapre-
viously used task (Preuschoff et al., 2006); to ensure constant low
illumination, all stimuli (cards) and instructions were presented
through speakers instead of being visually displayed (Figure 1).
Two cards were drawn (without replacement within each trial)
from a deck of 10, numbered 1 through 10. Before hearing either
card, participants used a gamepad to place a $1 bet on whether
the ﬁrst or the second card would be higher. Five seconds after the
betwasplaced,card1wassoundedthroughthespeakers,followed
5s later by card 2. Five seconds after the presentation of card 2,
participants were asked to report through the gamepad whether
they won $1 or lost $1. In case of an incorrect response partici-
pants lost $0.25, independent of whether their gamble had paid
off.Rewardlevelwaskeptconstantacrossalltrials.Becauseof this,
expectedrewardandriskupondisplayof theﬁrstcardchangeonly
as a function of the probability of winning. To ensure participants
motivation, they started with $25 of gambling money, and $1 of
gambling money was converted into C0.20 real money at the end
of the experiment.
Participantsreportedtheirwin/lossoutcomereliably,withcor-
rect answers in at least 87/90 (96.7%) trials (average: 88.75/90).
Only these trials (1065 in total, i.e., 98.6% of all trials) were used
FIGURE 1 |Auditory gambling task. In each trial auditory instructions ask
participants to place a bet whether the second card will be lower or higher
than the ﬁrst one. Five seconds after the response the ﬁrst card is drawn,
5s later the second card and further 5s later participants have to indicate
whether they have lost or won. All instructions are given auditorily through
speakers, while participants maintain ﬁxation. All details for computation of
reward, risk, and risk prediction error as well as the numerical values for all
possible combinations of cards are given in the Section “Mathematical
Details – Models of Expected Reward, Uncertainty (Risk), and Surprise
(Risk Prediction Error).”
foranalysis.Participantsplacedbothbetsaboutequallyoften,with
intotal576(53.2%)betson“secondcardhigher,”andtherewasno
pronounced bias in any individual (range: 47.7–63.0% of“second
card higher”bets).
DATA ACQUISITION
Experiments were performed in a black, sound-proof room with
negligible ambient light levels. During the whole experiment eye
position and pupil diameter were monitored with an Eyelink-
2000(SRResearch,Mississauga,ON,Canada)eye-trackingdevice.
All data acquisition and analysis were performed in Matlab (The
Mathworks, Natick, MA, USA) including its psychophysics and
eyelink toolbox extensions (http://psychtoolbox.org; Cornelissen
et al., 2002). Participants were instructed to ﬁxate a central spot
throughout each trial. Before each trial the calibration of the eye-
tracker was validated with four additional ﬁxation points and
re-calibrated if needed. Fixation spots were black (<0.01cd/m2)
on a dark gray background (6cd/m2) presented on a 21   screen
locatedabout80cmfromtheparticipants.Instructionsanddrawn
cards were presented through speakers adjacent to the screen. To
achieve standardized conditions,sound ﬁles were generated using
the “Read Out Loud” tool of Adobe Acrobat Professional using
a standard female voice (“Vicky”) of Mac OS X and stored in
wav format for presentation. To familiarize participants with the
sounds and ensure understanding of within trial presentations all
soundﬁleswereplayedtotheparticipantspriortotheexperiment,
until participants were sure they understood the content.
PUPIL DATA
Traces of pupil dilation were recorded with at least 500Hz sam-
plingrate(highersamplingrateswereusedwhenSNRof thepupil
detection allowed, but all data are downsampled to 500Hz before
any further analysis). Periods of blinks were detected using the
manufacturer’s standard algorithms with default settings. Pupil
dilation during blinks was interpolated by cubic spline interpo-
lation. Responses (bet and indication of win/loss) were recorded
with a gamepad device. For analysis of effects of the ﬁrst card,
pupil traces were aligned at the offset of the card’s presentation.
To facilitate comparison within and across subjects,all traces were
normalized by subtracting the diameter at this time point and
dividing by it,resulting in a percentage signal change measure rel-
ative to card offset. By this normalization any generic effect that
lasts longer than an individual trial (e.g., arousal, fatigue) cannot
confound the results. Similarly, the data referring to the second
card was normalized relative to the draw of the second card.
STATISTICS AND REGRESSION
The time-courses of pupil dilation are compared point-wise by
two-sided t-tests. To correct for multiple comparisons the alpha-
levelisadjustedtoanexpectedfalse-discoveryrateof 5%usingthe
method of Benjamini and Hochberg (1995). The corrected alpha-
level is denoted as FDR0.05 and only time-points with p-values
below this level are referred to as signiﬁcant.
For data of Figures 2D,E, the best ﬁt in the least-squares sense
to the pupil data for the function
f
 
c∗ 
= uR 1
 
c∗ 
+ vp win,1
 
c∗ 
+ w
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FIGURE 2 | First card. (A) Pupil dilation between ﬁrst and second card
relative to the time of drawing the ﬁrst card split by level of uncertainty
after ﬁrst card. Pupil dilates more if the outcome is sure (low uncertainty, light
gray, card was 1 or 10) than for high uncertainty trials (black, cards 4,5,6,7),
while medium uncertainty trials (dark gray, cards 2,3,8,9) fall in between.Thick
lines denote means over participants, thin lines SEM for high and low
uncertainty trials; shaded area denotes time when high uncertainty
signiﬁcantly differs from low uncertainty at an expected FDR of 5%
(p <FDR0.05 =0.042). (B) Signiﬁcance of difference between high and low
uncertainty trials as given in (A). Results of point-wise t-tests for equality of
means; negative logarithmic scale implies values to the top to be more
signiﬁcant (lower p). Horizontal line denotes expected FDR of 5%
(FDR0.05 =0.042), times of signiﬁcant differences fall above. (C) Model:
Probability of winning (gray) and risk (black) after the ﬁrst card is drawn as
function of the ﬁrst card. Expected reward is linear in the probability of
winning. Units of $ (reward) and $
2 (risk) omitted. Note that probability of
winning depends on the bet, but risk does not.To pool data over both bets for
the analysis of the ﬁrst card, we exploit symmetry: in case of the bet “second
card higher” the number representing the card is replaced by its mirror
(1→10, 2 →9,...,10→1) and all bets are treated as “second card lower.”
Mathematically we denote the actual card as “c” and the bet-corrected card
as “c
∗” [see Mathematical Details – Models of Expected Reward, Uncertainty
(Risk), and Surprise (Risk Prediction Error)]. (D) Points: Pupil dilation [as in (A)]
at time of peak signiﬁcance between high and low uncertainty sorted by card
(c
∗, adjusted for bet); mean and SEM over subjects.The parabola-shape
resulting from the quadratic dependence of risk on c
∗ [cf. (C)] is evident. Line:
ﬁt of a model including risk, probability of winning, and a constant offset,
coefﬁcients u, v, and w, respectively. (E) Evolution of ﬁt parameters [as in (D)]
over time. Quickly after the ﬁrst card, the effect of risk (u) rises, while the
effect of reward (and probability of winning, v) shows little systematic change
over time.The contribution of the constant (w) reﬂects the general time
course of pupil dilation over the trial, which happens irrespective of the card’s
value and thus independent of any decision variables. (F) Correlation of pupil
dilation to risk (black) or probability (gray).Top: correlation coefﬁcient, bottom:
probability of correlation being different from 0. Horizontal line denotes 5%
expected FDR for risk (FDR0.05 =0.045).
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is sought, were c∗ denotes the bet-corrected ﬁrst card, R1 risk
after the ﬁrst card (in units of $2) and pwin,1 the probability of
winningaftertheﬁrstcard,asdetailedintheSection“Mathemati-
cal Details – Models of Expected Reward,Uncertainty (Risk),and
Surprise (Risk Prediction Error)”below. The evaluation of the ﬁt
parameters u,v,w over the 5-s period after the ﬁrst card represent
thetimecourseof theeffectof risk,expectedreward(proportional
to pwin,1) and generic effects that are not related to manipulated
decision variables,respectively.
MATHEMATICAL DETAILS – MODELS OF EXPECTED
REWARD, UNCERTAINTY (RISK), AND SURPRISE (RISK
PREDICTION ERROR)
NOTATION
For each decision variable, we consider three different periods
indicatedbysubscripts,thetimeafterthebetpriortotheﬁrstcard
(subscript 0), the time between the cards (subscript 1) and the
time after the second card (subscript 2). We ﬁrst deﬁne the quan-
tities used. Below we explicitly compute them as functions of the
drawncardsandtabulatethevaluesforeachpossibleconstellation
in Tables 1 and 2. E[x] denotes the expectation of x.
c number of the ﬁrst card
c∗ number of the ﬁrst card adjusted for bet (c∗ =c if bet
is“second card lower”and c∗ =11−c if bet is“second
card higher”)
pwin,0 probability of winning before hearing card 1
(pwin,0 =0.5 for all trials)
pwin,1 probability of winning after hearing card 1
(pwin,1 ∈{0, 1/9,..., 8/9, 1})
pwin,2 probability of winning after hearing card 2
(pwin,2 ∈{0, 1})
P0 expected reward before hearing card 1, prediction of
P1, i.e.,P0=E[P1]
P1 expected reward after hearing card 1,prediction of P2,
i.e.,P1=E[P2]
P2 actual reward, revealed upon display of card 2
(P2 ∈{−$1,+$1})
PE1 rewardpredictionerrorafterﬁrstcardPE1=(P1 −P0)
PE2 reward prediction error after second card
PE2=(P2 −P1)
R0 riskbeforehearingcard1(R0=E[(P1 −P0)2]=33/81
for all trials)
R1 risk after hearing card 1 (R1 =E[(P2 −P1)2])
R2 riskafterhearingcard2,R2=0foralltrialsasoutcome
is known for certain
RE1 riskpredictionerrorafterhearingcard1((PE2
1−R0) =
(P1−P0)2−E[(P1−P0)2]),actualminusexpectedsize
of reward prediction error at card 1
RE2 riskpredictionerrorafterhearingcard2((PE2
2−R1) =
(P2−P1)2−E[(P2−P1)2]),actualminusexpectedsize
of reward prediction error at card 2
Thevaluesareafunctionof thebetplacedandthecardsdrawn.
ThevaluesforallpossibleconstellationsaregiveninTables1and2.
Note that reward, and absolute reward prediction error have
the unit of $, whereas risk, squared reward prediction error and
riskpredictionerrorhavetheunitof$2.Bothareomittedintables,
ﬁgures, and text for brevity.
Before hearing card 1
At t =0,prior to the ﬁrst card,the decision variables are indepen-
dent of cards and choice. In particular,the probability of winning,
pwin,0 =0.5,and consequently the expected reward
P0 = pwin,0 ∗ 1 +
 
1 − pwin,0
 
∗ (−1) = 0
Risk R0 is given by the variance (or more precisely, the second
moment) of the expected reward
R0 = E[(P1 − P0)2]=
1
10
((−1)2 + (−7/9)2 + (−5/9)2
+ ...+ (7/9)2 + (1)2) = 33/81 = 0.41
This is the expected size of the prediction error at card 1. There
are 10 possible prediction errors that could obtain when card 1 is
displayed, all of which are equally likely to occur. The risk is the
same for all trials.
At hearing card 1
After the ﬁrst card, the value of all variables depends on the card
drawn (c∗). The probability of winning and the expected reward
can be expressed as
pwin,1 =
c∗ − 1
9
P1 = pwin,1 ∗ 1 +
 
1 − pwin,1
 
∗ (−1)
= 2pwin,1 − 1
= 2
(c∗ − 5.5)
9
respectively.
TherewardpredictionerrorisPE 1 =(P1 −P0)andthusequals
the expected reward,P1.
Risk is the expectation of (P2 −P1)2 taken over P2 (which is
either−1or1dependingonwhetherthesubjectlostorwon).Risk
is given as
R1 = E
 
(P2 − P1)2 
= pwin,1 ∗ (1 − P1)2 +
 
1 − pwin,1
 
∗ (−1 − P1)2
= pwin,1 ∗
 
2 − 2pwin,1
 2 +
 
1 − pwin,1
 
∗
 
2pwin,1
 2
= 4pwin,1 − 4p2
win,1
∝− RE1
The risk prediction error is given as
RE1 = (P1 − P0)2 − E
 
(P1 − P0)2 
= (P1 − P0)2 − R0
=
 
2pwin,1 − 1
 2 − R0
= 4p2
win,1 − 4pwin,1 + (1 − R0)
∝− R1
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Table 1 | Decision variables after the ﬁrst card (units of $ and $2 are omitted).
Bet First
card (c)
1 234567891 0
Second
card lower
c∗ 1 234567891 0
pwin,1 0 1/9 2/9 3/9 4/9 5/9 6/9 7/9 8/9 1
P1 −1 −0.78 −0.56 −0.33 −0.11 +0.11 +0.33 +0.56 +0.78 +1
Second
card higher
c∗ 1 0 987654321
pwin,1 0 8/9 7/9 6/9 5/9 4/9 3/9 2/9 1/9 0
P1 +1 +0.78 +0.56 +0.33 +0.11 −0.11 −0.33 −0.56 −0.78 −1
Either bet R1 0 32/81=
0.40
56/81=
0.69
72/81=
0.89
80/81=
0.99
80/81=
0.99
72/81=
0.89
56/81=
0.69
32/81=
0.40
0
RE1 48/81 16/81 −8/81 −24/81 −32/81 −32/81 −24/81 −8/81 16/81 48/81
See Section “Mathematical Details – Models of Expected Reward, Uncertainty (Risk), and Surprise (Risk Prediction Error)” for formulas.
Table 2 | Decision variables after the second card (units of $ and $2 are omitted); note that there is no win in case of c∗ =1( pwin =0) and no loss
in case of c∗ =10 (pwin =1).
c∗ 1 234567891 0
Win P2 – $ 1$ 1$ 1$ 1$ 1$ 1$ 1$ 1$ 1
PE2
2 – 256/81=
3.16
196/81=
2.42
144/81=
1.78
100/81=
1.23
64/81=
0.79
36/81=
0.44
16/81=
0.20
4/81=
0.05
0
RE2 – 224/81=
2.77
140/81=
1.73
72/81=
0.89
20/81=
0.25
−16/81=
−0.20
−36/81=
−0.44
−40/81=
−0.49
−28/81=
−0.35
0
Loss P2 −$1 −$1 −$1 −$1 −$1 −$1 −$1 −$1 −$1 –
PE2
2 0 4/81=
0.05
16/81=
0.20
36/81=
0.44
64/81=
0.79
100/81=
1.23
144/81=
1.78
196/81=
2.42
256/81=
3.16
–
RE2 0 −28/81=
−0.35
−40/81=
−0.49
−36/81=
−0.44
−16/81=
−0.20
20/81=
0.25
72/81=
0.89
140/81=
1.73
224/81=
2.77
–
See Section “Mathematical Details – Models of Expected Reward, Uncertainty (Risk), and Surprise (Risk Prediction Error)” for formulas.
Note,that at the ﬁrst card the correlation between risk and risk
prediction error is −1.
At hearing card 2
Analogous computations can be made for risk prediction errors
at card 2. The outcome P2 is either −1 (subject lost bet) or +1
(subject won). The risk prediction errors at card 2 are obtained
by comparing the squared reward prediction error with the risk
predicted before card 2 (but after card 1; Figure 4C; Table 2) and
work out to
RE2 =
⎧
⎪ ⎪ ⎪ ⎨
⎪ ⎪ ⎪ ⎩
4 − 12pwin,1 + 8p2
win,1 for P2 =− 1(i.e., a loss and
thus pwin,2 = 0)
−4pwin,1 + 8p2
win,1 for P2 = 1(i.e., a win and
thus pwin,2 = 1)
RESULTS
Participants performed 90 trials of an auditory gambling task
(Figure 1): before a sequence of two different cards (represented
by numbers between 1 and 10) was drawn,participants had to bet
whether the second card would be higher or lower than the ﬁrst;
5safter thebet,theﬁrstcardisdrawn,followed5slaterbythesec-
ondcard.Theexperimentalparadigmsegregatestheactofmaking
a decision (before ﬁrst card) from the availability of associated
decision variables (after the ﬁrst or second card). Since on each
trial a fresh deck of 10 cards was used, participants started with
no information on the outcome of the gamble and the outcome
was independent of participants’strategy. In each trial, before the
ﬁrst card, the probability of winning is 0.5 and the uncertainty is
constant [refer to the section Mathematical Details – Models of
Expected Reward, Uncertainty (Risk), and Surprise (Risk Predic-
tion Error) for technical details,here and hereafter].After the ﬁrst
card is drawn, participants update their estimates of the decision
variables: for betting “second card lower” the probability of win-
ning increases in the number of the ﬁrst card, for betting“second
card higher,”the probability decreases. Irrespective of the bet, the
participant will be sure (no uncertainty) whenever the ﬁrst card
is a“1”or“10,”have medium uncertainty when a“2,”“3,”“8,”“9”
is drawn and have high uncertainty when a “4,”“5,”“6,” or “7” is
drawn. For a ﬁrst qualitative view on uncertainty,we split the data
according to these three levels and analyze their effect on changes
in pupil dilation after the ﬁrst card. A clear separation of pupil
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size arises quickly after the ﬁrst card is drawn (Figure 2A). The
less uncertainty there is about the outcome the more the pupil
dilates relative to its size before drawing the ﬁrst card. Signiﬁ-
cance of the difference between high and low uncertainty trials
is assessed by point-wise t-tests with respect to an alpha-level
adjusted for multiple testing to 0.05 expected false-discovery rate
(denoted as FDR0.05). We ﬁnd a signiﬁcant effect from 0.77s after
theﬁrstcarduntilthesecondcardisdrawn(p <0.042=FDR0.05).
Peak signiﬁcance (i.e., lowest p-value) is reached 1.66s after the
ﬁrst card (Figure 2B). Hence, uncertainty has a quick and last-
ing effect on pupil dilation, which is robust across individuals
(Figure 3).
By splitting into three levels, the analysis was independent of
any particular model of uncertainty used. The present gambling
taskinvolvesrisk,whichneurallyandbehaviorallyisthebeststud-
ied form of uncertainty (Weber et al., 2004; Mohr et al., 2010).
Risk arises in situations where outcomes are probabilistic and
probabilities are known. The higher the risk, the less accurate
are reward predictions; hence higher risk will lead the decision
maker to expect larger and more frequent reward prediction
errors.
Our formulation of risk [see Mathematical Details – Models of
Expected Reward, Uncertainty (Risk), and Surprise (Risk Predic-
tion Error)] has been successfully applied to functional imaging
data (Preuschoff et al., 2008; d’Acremont et al., 2009), and readily
extends to include a measure of surprise (risk prediction errors).
After the ﬁrst card, the probability of winning (and thus the
expected reward) is linear in the ﬁrst card drawn (Figure 2C,
gray), while the risk is quadratic in the ﬁrst card (Figure 2C,
black). A coupling between pupil dilation and risk implies a qua-
dratic relationship between pupil dilation and the ﬁrst card. At
the time-point of highest difference between low and high uncer-
tainty(t =1.66sinFigure2B)suchadependenceisclearlyvisible
(Figure 2D, dots). A second order polynomial provides an excel-
lent ﬁt of the data (Figure2D,solid line,norm of residuals 0.015).
When analyzing the temporal evolution of the effects of proba-
bility of winning and risk, respectively, we ﬁnd that the effect of
riskonpupildilationincreasesrapidlyreachingaplateauof −0.04
after about 1.6s (Figure 2E). In contrast, the effect of probabil-
ity meanders around zero. The constant offset peaks about 1s
aftertheﬁrstcardandreturnstobaselinebeforethesecondcardis
drawn.Thisconstantincludesnon-speciﬁceffects(suchasarousal,
FIGURE 3 | Individual uncertainty. Pupil dilation split according to high
uncertainty (black) and low uncertainty (gray) after ﬁrst card for each of the 12
individuals, mean and SEM over trials. All observers show the same
qualitative behavior as the average effect shown in Figure 2A.
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novelty,etc.)thatareindependentof theﬁrstcard’svalueandthus
independentof alldecisionvariables.Althoughtheﬁtsaresugges-
tive, technically, risk, reward, and offset are incommensurate, as
they are measured in units of $2, $, and 1 respectively, and thus
effect sizes could change based on a linear scaling of the reward.
To assess the signiﬁcance of the results independent of any lin-
ear scaling of the decision variables we studied the correlation
between pupil dilation on the one hand and probability or risk on
the other hand. This reveals a high negative correlation between
risk and pupil dilation (Figure2F,top),which is signiﬁcantly dif-
ferent from 0 (p <FDR0.05 =0.045) starting at t =0.46s till the
second card is drawn (Figure2F,bottom). No signiﬁcant correla-
tion between probability and pupil dilation is found at any point
in time (r <0.31; p >0.17 throughout, Figure 2F). These data
show that pupil dilation after the ﬁrst card reﬂects the risk of the
outcome,nottheprobabilityof winningorexpectationof reward.
Pupil after the ﬁrst card signals risk. Risk reﬂects the expec-
tation of errors and inﬂuences how reward prediction errors are
perceived: the more certain we were about the outcome – i.e., the
lower our risk was – the higher will be our surprise, if our expec-
tations are not met. Since violation of expectations necessitates
updating of beliefs, surprise has been suggested as a trigger signal
for learning. While surprise can be formalized in various ways,
e.g.,as the improbability of an event (Shannon,1948),it generally
captures the violations of our expectations beyond reward pre-
diction error. We here quantify surprise by risk prediction error
[Mathematical Details – Models of Expected Reward,Uncertainty
(Risk), and Surprise (Risk Prediction Error)]. After the ﬁrst card,
risk prediction error is identical to the negative risk plus a con-
stant offset. This coupling between risk and risk prediction error
is a common confound in risky decision making and independent
fromthequantiﬁcationofriskandsurprise.Thecurrentparadigm
allows us to dissociate the contribution of risk and risk prediction
errors to pupil dilation, by analyzing the data following the draw
of the second card. At this point participants know the outcome
of their bet and thus experience no more risk. However, partici-
pants can either be highly surprised (e.g., if a low risk ﬁrst card
yields an unexpected outcome) or lowly surprised (e.g., if a low
risk card yields an expected outcome). Consequently,the negative
correlation between risk and risk prediction errors that is inher-
ently present after the ﬁrst card, disappears after the second card
is drawn.
We again start with a qualitative view on surprise by splitting
the data after the second card into high and low surprise. Sur-
prise indeed shows an effect on pupil dilation,which is signiﬁcant
(p <FDR0.05 =0.0077,Figure4A)from0.79to1.56s(Figure4B),
and observed in all individuals (Figure5).At the time of peak sig-
niﬁcance (t =1.12s) pupil dilation clearly follows the model of
surprise as risk prediction error (Figures 4C,D), irrespective of
whether the outcome is a win (gray) or a loss (black). The out-
come itself does not differentially affect the pupil (t-tests between
win and loss: p >0.26 for all time-points). Quantitative analysis
shows a signiﬁcant correlation between risk prediction error and
pupil dilation at t =1.12s (r =0.76; p =0.0003, Figure 4E). This
signiﬁcant correlation (p <0.042=FDR0.05) is observable early
after the card (from 0.18 to 0.24s and at 0.55s) and persists with
a short interruption (2.40–2.48s) from 0.80s till the participant
FIGURE 4 | Second card. (A) Pupil dilation after the second card depending
on whether surprise is high (gray) or low (black) after the second card.To
include all data, high surprise here is deﬁned to occur when expected
reward prior to the second card was positive and the actual outcome is a
loss (P1 >0 and P2 =−$1) or when the expected reward was negative and
the actual outcome is a win (P1 <0 and P2 =+$1); conversely, if expected
reward had been positive and outcome is a win (P1 >0 and P2 =$1) or
expected reward had been negative and outcome is a loss (P1 <0 and
P2 =−$1), surprise is low. Otherwise notation as in Figure 2A. (B)
Signiﬁcance of difference between high and low surprise according to (A).
Notation as in Figure 2B. (C) Model: Risk prediction error (RE2) as measure
of surprise after the draw of the second card as function of ﬁrst card (c
∗)
and actual outcome (P2: win or loss). Note that there are no data for (c
∗ =1,
win) and for (c
∗ =10, loss), since c
∗ =1 implies pwin,1 =0 and thus certain
loss (P2 =−$1) as well as c
∗ =10 implies pwin,1 =1 and thus certain win
(P2 =+$1), (D) Points: Pupil dilation at peak signiﬁcance of (A,B) (t =1.12 s
after second card) split by ﬁrst card (c
∗) and outcome (P2: win or loss);
mean and SEM over participants. Lines: ﬁts of risk prediction error (RE2)
according to (C). (E) Correlation of risk prediction error (RE2) as quantitative
measure of surprise and pupil dilation at time point of peak signiﬁcance. (F)
Time course of correlation in (E) for the period after the second card.Top:
correlation coefﬁcient, bottom: probability of correlation being different from
0. Horizontal line: alpha-level for expected FDR of 5% (FDR0.05 =0.042).
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FIGURE 5 | Individual surprise. Pupil dilation split according to high surprise (gray) and low surprise (black) after second card for each of the 12 individuals,
mean and SEM over trials. All observers show the same qualitative behavior as the average effect shown in Figure 4A.
FIGURE 6 |Alternative measures of surprise.Timecourse of correlation between other measures of surprise (left: squared reward prediction error; right:
absolute reward prediction error a.k.a. salience) and pupil dilation. Notation as in top panel of Figure 4F.
is asked to indicate the outcome (Figure 4F). The data follow-
ing the second card show that pupil dilation observed at the ﬁrst
and second card is related to the risk prediction error (surprise)
rather than risk (expected uncertainty). Other formalizations of
surprise exist in decision making (e.g.,absolute reward prediction
error,seeAppendix,Figure6),butarecorrelatedtoriskprediction
error.Irrespectiveof thepreciseformulation,ourdatashowaclear
and robust effect of surprise.
DISCUSSION
Pupil dilation serves as a cue in social interactions: wide pupils
are commonly associated with attractiveness (the natural source
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of atropine being referred to as“bella-donna”– beautiful woman)
and enhance social valence judgment in others (Harrison et al.,
2006).Pokerplayers,forinstance,trytohideinformationbywear-
ingsunglasses,butwhatinformationwouldtheirpupilbetray?The
present study is the ﬁrst to dissociate speciﬁc decision variables
from each other independent of the act of decision making. We
demonstrate that pupil dilation reﬂects surprise but not expected
reward.
A general effect of decision making and arousal on pupil dila-
tion has been known since the 1960s (Bradshaw, 1967; Simpson
and Hale, 1969) and recent data links the timing of dilation to
the timing of the decision (Einhäuser et al., 2010). Quantitative
data on the relation between speciﬁc decision variables and pupil
responses has, however, remained scarce. A qualitative concept
related to the notion of surprise is the well-known “probabil-
ity effect” (Friedman et al., 1973): rarer stimuli evoke a larger
pupil response. Similarly, violations of a temporal sequence yield
increasesinpupilsize,whosetimingisrelatedtotheviolatingevent
(Raisig et al., 2010). While both paradigms deal with an intuitive
notion of surprise (oddity or sequence violations, respectively),
such studies modulate the probability of an event to occur and
thus by design do not aim at assessing or dissociating variables
like risk and reward.
Interestingly,paradigmsusingtheprobabilityeffectoftenassert
that higher uncertainty is associated with more task engagement
or more arousal (Friedman et al., 1973). While we do not dispute
thatthereisaneffectof suchunspeciﬁcvariablesonpupildilation
(in fact,the constant in Figure2E likely subsumes such variables),
ourparadigmkeepstaskengagementconstant,whiledecisionvari-
ables are varied. Complementary to our approach, recent studies
indeedﬁndthatshiftsbetweentaskengagement(exploitation)and
disengagement (exploration) affect the pupil response (Gilzen-
rat et al., 2010; Jepma and Nieuwenhuis, 2011), consistent with
the adaptive gain theory of LC–NA function (Aston-Jones and
Cohen,2005). The experimental design and modeling focused on
choice and neither aimed at nor allowed a dissociation of deci-
sion variables, in particular of expected reward and risk. The
high correlation between these two variables in their paradigm
yielded Gilzenrat et al. (2010) to conjecture that pupil dilation
mayreﬂectexpectedreward.Notwithstandingtheimportantcon-
tribution of this study in the context of task engagement, their
conjectureontheroleof expectedrewardisclearlyrejectedbyour
present results.
The relation of pupil diameter to uncertainty and expected
reward has recently been addressed by Satterthwaite et al. (2007).
However, as the authors point out, “interpretation of results
... may be complicated” due to the correlation of uncertainty
and reward expectation in their paradigm. It is this correla-
tion that our paradigm eliminates and that allows us to unam-
biguously interpret the results in terms of expected reward and
uncertainty.
The neural basis of reward-processing is well established.
Research in this area has been driven by the quantitative predic-
tions of the reward prediction error hypothesis,which was ﬁrst pro-
posedinthelate1990s(Montagueetal.,1996)andhassincegained
a wealth of evidence (Schultz et al., 1997; Schultz, 2010). The
hypothesis posits that the neurotransmitter dopamine supports
reward-based learning through signaling of reward prediction
errors (Schultz, 2000). Neural responses to expected reward and
reward prediction errors have been identiﬁed for the dopaminer-
gicnucleiof thebrainstemaswellastheirprojectionareassuchas
the basal ganglia, orbitofrontal cortex, insular cortex, cerebellum
and parietal cortex (Schultz, 2010). The reward prediction error
hypothesis has led to sophisticated neural models that integrate
theseareasintoareward-processingnetwork,allowanalyzingcon-
nectivity quantitatively and provide the theoretical framework for
reward-based learning.
The neurophysiological basis of uncertainty signals is less well
understood. Neural responses to different forms of uncertainty
(e.g., prediction risk, prediction risk errors, volatility) have been
reportedforthehumananteriorinsula(Preuschoff etal.,2008;De
Martinoetal.,2009;d’Acremontetal.,2009),rodentorbitofrontal
cortex (Kepecs et al., 2008), non-human primate parietal cortex
(Kiani and Shadlen,2009),the human striatum (Preuschoff et al.,
2006), human anterior cingulate cortex (Behrens et al., 2007)a s
well as for the tonic dopamine response in non-human primates
(Fiorillo et al., 2003). However, while theoretical frameworks
have been proposed on how uncertainty could be incorporated
in reward learning and how uncertainty itself could be learned
(Pearce and Hall, 1980; Mihatsch and Neuneier, 2002; Yu and
Dayan, 2005; Preuschoff and Bossaerts, 2007; Preuschoff et al.,
2008) a systematic physiological and neural analysis for uncer-
tainty akin to the analysis of the reward prediction error hypothesis
of dopamine is lacking. By using the pupil as a peripheral physio-
logical signal,the present study – under the assumption that pupil
dilation reﬂects NA levels – provides experimental support for a
similar risk prediction error hypothesis of NA.
Several lines of evidence converge in favor of a link between
pupil dilation and NA levels (Samuels and Szabadi, 2008 for
review),including anatomy (Nieuwenhuis et al.,2011 for review),
pharmacology in healthy observers and patients (Koss, 1986;
Phillips et al.,2000; Jepma et al.,2011),monkey electrophysiology
(Rajkowski et al., 1993) and human imaging (Sterpenich et al.,
2006, but see Astaﬁev et al., 2010). While for several of these lines
of evidence the interpretation has remained controversial and a
direct demonstration of the relation between pupil dilation and
LCactivitymaystillbelacking,takentogetherthesedatamakethe
pupil/NAlinkaviableworkingassumptionattheveryleast.Under
this assumption, our data suggest that NA signals risk prediction
error as a form of surprise, rather than other decision variables
such as probability of outcomes or expected reward. Thus we pro-
vide further experimental evidence for recent theoretical models
(BouretandSara,2005;DayanandYu,2006;Sara,2009).Notwith-
standingtheinﬂuenceofothercognitivefactors,whichthecurrent
paradigm does not differentially assess, on pupil dilation, NA in
thisviewsignalserrorsrelatedtoestimatesof uncertaintyandthus
guidesbothbehaviorandlearningaboutuncertainty.Thisriskpre-
diction error hypothesis of NA parallels the reward prediction error
hypothesis ofdopamine.Indeed,thehypothesisthatriskprediction
errors can be used for learning about risk akin to learning about
rewardthroughrewardpredictionerrorshasfoundrecentsupport
from imaging studies (Preuschoff et al., 2008; d’Acremont et al.,
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2009;Tobleretal.,2009),electrophysiologicaldataofadaptivecod-
ing (Tobler et al., 2005) as well as computational models of risk
learning (Dayan and Yu, 2006; Preuschoff and Bossaerts, 2007).
Notwithstanding the inﬂuence of other neuromodulators (e.g.,
ACh) on pupil dilation, our data thus suggest that NA may play a
similar role for learning about uncertainty as dopamine does for
learning about reward.
Our ﬁndings expand the current knowledge of risk perception
and misperception, which holds promise for our understanding
of normal and pathological decision making. In particular, risk
misperception characterizes many mental illnesses, from anxiety
and mood disorders (Paulus and Stein, 2006) to addiction and
pathologicalgambling(Bechara,2003).Todate,riskperceptionin
clinicalpopulationsisstudiedlargelyasahigh-levelprefrontaland
insular process. However, by relating risk perception to the nora-
drenergic system, our results reframe risk perception as a much
lower-level process, and locate it in the structure most directly
implicated in arousal (Bradshaw, 1967), network reset (Bouret
and Sara, 2005) and (sub)optimal performance (Aston-Jones and
Cohen, 2005). The temporal relation between LC discharge and
NA release to the pupillary response is as of now unknown and
the time constants and response amplitudes likely depend on sev-
eral factors, such as the overall illumination level and ACh levels.
Nonetheless, our data together with earlier studies suggest that
the earliest response happens in the range over several 10ms. This
high temporal resolution combined with the high spatial resolu-
tion of functional brain stem imaging (d’Ardenne et al., 2008)i s
likely to eventually provide unique insights into the link between
the neural circuits of reward and uncertainty processing.
ACKNOWLEDGMENTS
This work was supported by the German Research Foundation
(DFG)grantEI852/1(WolfgangEinhäuser),DFGResearchTrain-
ing Group 885 –“Neuroact”(Bernard Marius ’t Hart), the NCCR
FINRISK (Kerstin Preuschoff), and the Neurochoice project of
SystemsX.ch (Kerstin Preuschoff).
REFERENCES
Astaﬁev,S.V.,Snyder,A.Z.,Shulman,G.
L., and Corbetta, M. (2010). Com-
ment on “Modaﬁnil shifts human
locus coeruleus to low-tonic, high-
phasic activity during functional
MRI” and “homeostatic sleep pres-
sure and responses to sustained
attention in the suprachiasmatic
area.”Science 328, 309.
Aston-Jones, G., and Cohen, J. D.
(2005). An integrative theory of
locus coeruleus-norepinephrine
function: adaptive gain and optimal
performance. A n n u .R e v .N e u r o s c i .
28, 403–450.
Bechara, A. (2003). Risky business:
emotion, decision-making, and
addiction. J. Gambl. Stud. 19,23–51.
Behrens,T.E.,Woolrich,M.W.,Walton,
M. E., and Rushworth, M. F. (2007).
Learningthevalueof informationin
an uncertain world. Nat. Neurosci.
10, 1214–1221.
Benjamini,Y., and Hochberg,Y. (1995).
Controlling the false discovery rate:
apracticalandpowerfulapproachto
multipletesting.J.R.Stat.Soc.Series
B Stat. Methodol. 57, 289–300.
Bouret, S., and Sara, S. J. (2005). Net-
work reset: a simpliﬁed overarching
theory of locus coeruleus noradren-
aline function. Trends Neurosci. 28,
574–582.
Bradshaw,J.(1967).Pupilsizeasamea-
sure of arousal during information
processing. Nature 216, 515–516.
Cornelissen, F., Peters, E., and Palmer,
J. (2002). The eyelink toolbox:
eye tracking with MATLAB and
the psychophysics toolbox. Behav.
Res. Methods Instrum. Comput. 34,
613–617.
d’Acremont, M., Lu, Z. L., Li, X., van
der Linden, M., and Bechara, A.
(2009).Neuralcorrelatesof riskpre-
diction error during reinforcement
learning in humans. Neuroimage 47,
1929–1939.
d’Ardenne, K., McClure, S. M., Nys-
trom, L. E., and Cohen, J. D.
(2008). BOLD responses reﬂecting
dopaminergic signals in the human
ventral tegmental area. Science 319,
1264–1267.
Dayan,P.,andYu,A.(2006).Phasicnor-
epinephrine: a neural interrupt sig-
nal for unexpected events. Network
17, 335–350.
De Martino, B., Kumaran, D., Holt, B.,
and Dolan, R. J. (2009). The neu-
robiology of reference-dependent
value computation. J. Neurosci. 29,
3833–3842.
Einhäuser, W., Koch, C., and Carter,
O. L. (2010). Pupil dilation
betrays the timing of decisions.
Front. Hum. Neurosci. 4:18.
doi:10.3389/fnhum.2010.00018
Fiorillo, C. D., Tobler, P. N., and
Schultz, W. (2003). Discrete coding
of reward probability and uncer-
taintybydopamineneurons.Science
299, 1898–1902.
Friedman, D., Hakerem, G., Sutton, S.,
and Fleiss, J. L. (1973). Effect of
stimulus uncertainty on the pupil-
lary dilation response and the vertex
evokedpotential.Electroencephalogr.
Clin. Neurophysiol. 34, 475–484.
Gilzenrat, M. S., Nieuwenhuis, S.,
Jepma, M., and Cohen, J. D. (2010).
Pupil diameter tracks changes in
control state predicted by the adap-
tive gain theory of locus coeruleus
function. Cogn. Affect. Behav. Neu-
rosci. 10, 252–269.
Harrison, N. A., Singer, T., Rotshtein,
P., Dolan, R. J., and Critchley, H. D.
(2006). Pupillary contagion: central
mechanismsengagedinsadnesspro-
cessing.Soc.Cogn.Affect.Neurosci.1,
5–17.
Jepma, M., Deinum, J., Asplund, C.
L., Rombouts, S., Tamsma, J. T.,
Tjeerdema, N., Spapé, M. M.,
Garland, E. M., Robertson, D.,
Lenders,J. W. M.,and Nieuwenhuis,
S. (2011). Neurocognitive func-
tion in dopamine-β-hydroxylase
deﬁciency. Neuropsychopharmacol-
ogy 36, 1608–1619.
Jepma,M.,and Nieuwenhuis,S. (2011).
Pupil diameter predicts changes in
the exploration-exploitation trade-
off: evidence for the adaptive
gain theory. J. Cogn. Neurosci. 23,
1587–1596.
Kepecs, A., Uchida, N., Zariwala, H. A.,
and Mainen, Z. F. (2008). Neural
correlates, computation and behav-
ioural impact of decision conﬁ-
dence. Nature 455, 227–231.
Kiani, R., and Shadlen, M. N. (2009).
Representation of conﬁdence asso-
ciated with a decision by neurons
in the parietal cortex. Science 324,
759–764.
Koss, M. (1986). Pupillary dilation as
an index of central nervous sys-
tem 2-adrenoceptor activiation. J.
Pharmacol. Methods 15, 1–19.
Mihatsch, O., and Neuneier, R. (2002).
Risk-sensitive reinforcement learn-
ing. Mach. Learn. 49, 267–290.
Mohr,P. N.,Biele,G.,and Heekeren,H.
R. (2010). Neural processing of risk.
J. Neurosci. 30, 6613–6619.
Montague, P. R., Dayan, P., and
Sejnowski, T. J. (1996). A frame-
work for mesencephalic dopamine
systemsbasedonpredictiveHebbian
learning. J. Neurosci. 16, 1936–1947.
Nieuwenhuis, S., De Geus, E. J.,
and Aston-Jones, G. (2011). The
anatomical and functional relation-
ship between the P3 and auto-
nomic components of the orient-
ing response. Psychophysiology 48,
162–175.
Paulus, M. P., and Stein, M. B. (2006).
An insular view of anxiety. Biol.
Psychiatry 60, 383–387.
Pearce, J. M., and Hall, G. (1980). A
model for Pavlovian learning: vari-
ations in the effectiveness of con-
ditioned but not of unconditioned
stimuli. Psychol. Rev. 87, 532–552.
Phillips, M. A., Szabadi, E., and Brad-
shaw, C. M. (2000). Comparison of
the effects of clonidine and yohim-
bine on spontaneous pupillary ﬂuc-
tuations in healthy human vol-
unteers. Psychopharmacology (Berl.)
150, 85–89.
Preuschoff, K., and Bossaerts, P. (2007).
Adding prediction risk to the theory
of reward learning. Ann. N. Y. Acad.
Sci. 1104, 135–146.
Preuschoff,K.,Bossaerts,P.,andQuartz,
S. R. (2006). Neural differentia-
tion of expected reward and risk in
human subcortical structures. Neu-
ron 51, 381–390.
Preuschoff, K., Quartz, S. R., and
Bossaerts, P. (2008). Human insula
activation reﬂects prediction risk
errors as well as risk. J. Neurosci. 8,
2745–2752.
Raisig, S., Welke, T., Hagendorf, H.,
and van der Meer, E. (2010). I spy
with my little eye: detection of tem-
poral violations in event sequences
and the pupillary response. Int. J.
Psychophysiol. 76, 1–8.
Rajkowski, J., Kubiak, P., and Aston-
Jones, G. (1993). Correlations
between locus coeruleus (LC)
neural activity, pupil diameter and
behaviorinmonkeysupportaroleof
Frontiers in Neuroscience | Decision Neuroscience September 2011 | Volume 5 | Article 115 | 10Preuschoff et al. Pupil dilation signals surprise
LC in attention. Soc. Neurosci. Abstr.
19, 974.
Rajkowski, J., Kubiak, P., and Aston-
Jones, G. (1994). Locus coeruleus
activity in monkey: phasic and
tonic changes are associated with
altered vigilance. Brain Res. Bull. 35,
607–616.
Samuels, E. R., and Szabadi, E. (2008).
Functional neuroanatomy of the
noradrenergic locus coeruleus: its
rolesintheregulationof arousaland
autonomic function part II: physio-
logical and pharmacological manip-
ulations and pathological alter-
ations of locus coeruleus activity in
humans. Curr. Neuropharmacol. 6,
254–285.
Sara, S. J. (2009). The locus coeruleus
and noradrenergic modulation of
cognition. Nat. Rev. Neurosci. 10,
211–223.
Satterthwaite,T. D.,Green,L.,Myerson,
J., Parker, J., Ramaratnam, M., and
Buckner, R. L. (2007). Dissociable
butinter-relatedsystemsofcognitive
control and reward during decision
making: evidence from pupillome-
try and event-related fMRI. Neu-
roimage 37, 1017–1031.
Schultz,W.(2000).Multiplerewardsig-
nals in the brain. Nat. Rev. Neurosci.
1, 199–207.
Schultz, W. (2010). Dopamine signals
for reward value and risk: basic and
recentdata.Behav.BrainFunct.6,24.
Schultz, W., Dayan, P., and Montague,
P. R. (1997). A neural substrate of
prediction and reward. Science 275,
1593–1599.
Shannon, C. E. (1948). A math-
ematical theory of communi-
cation. Bell Syst. Tech. J. 27,
379–423.
Simpson,H.M.,andHale,S.M.(1969).
Pupillarychangesduringadecision-
making task. Percept. Mot. Skills 29,
495–498.
Sterpenich, V., D’Argembeau, A., Des-
seilles, M., Balteau, E., Albouy,
G., Vandewalle, G., Degueldre, C.,
Luxen, A., Collette, F., and Maquet,
P. (2006). The locus ceruleus is
involvedinthesuccessfulretrievalof
emotional memories in humans. J.
Neurosci. 26, 7416–7423.
Tobler, P. N., Christopoulos, G. I.,
O’Doherty, J. P., Dolan, R. J., and
Schultz, W. (2009). Risk-dependent
reward value signal in human pre-
frontal cortex. Proc. Natl. Acad. Sci.
U.S.A. 106, 7185–7190.
Tobler, P. N., Fiorillo, C. D., and
Schultz, W. (2005). Adaptive cod-
ing of reward value by dopamine
neurons. Science 307, 1642–1655.
Weber, E. U., Shaﬁr, S., and Blais,
A. R. (2004). Predicting risk sen-
sitivity in humans and lower ani-
mals: risk as variance or coefﬁ-
cient of variation. Psychol. Rev. 111,
430–445.
Yoss, R. E., Moyer, N. J., and Hol-
lenhorst, R. W. (1970). Pupil size
and spontaneous pupillary waves
associated with alertness, drowsi-
ness, and sleep. Neurology 20,
545–554.
Yu, A., and Dayan, P (2005). Uncer-
tainty, neuromodulation, and atten-
tion. Neuron 46, 681–692.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received: 12 April 2011; accepted: 11
September 2011; published online: 30
September 2011.
Citation: Preuschoff K, ’t Hart BM and
Einhäuser W (2011) Pupil dilation sig-
nalssurprise:evidencefornoradrenaline’s
role in decision making. Front. Neurosci.
5:115. doi: 10.3389/fnins.2011.00115
This article was submitted to Frontiers
in Decision Neuroscience, a specialty of
Frontiers in Neuroscience.
Copyright © 2011 Preuschoff, ’t Hart
and Einhäuser. This is an open-access
article subject to a non-exclusive license
between the authors and Frontiers Media
SA, which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and other Frontiers conditions are
complied with.
www.frontiersin.org September 2011 | Volume 5 | Article 115 | 11Preuschoff et al. Pupil dilation signals surprise
APPENDIX
ALTERNATIVE MEASURES OF SURPRISE
In the context of decision making, surprise can be quantiﬁed
in a variety of ways. Besides our formalization of expected and
unexpected uncertainty, measures rooted in information theory,
suchas(Shannon)entropyand(Shannon)surprise,arefrequently
employed. The former is a measure of expected uncertainty in
that it captures the average expected surprise. This is analogous to
ourrisk,whichcapturestheaverageexpectedsizeof the(squared)
rewardpredictionerror.Theinformationtheoreticsurprise,justas
our risk prediction error, is a measure of unexpected uncertainty,
and relates to a speciﬁc event,measuring how (un)expected it was
withrespecttotheentropy.Twoformalizationsparticularlyclosely
related to our current formulation are absolute reward prediction
error (|PE2|), sometimes also referred to as salience, and squared
rewardpredictionerror(PE2
2).Inthepresentparadigmbothmea-
sures are by deﬁnition strongly correlated with risk prediction
error(RE2),withcorrelationsof0.96and0.84,respectively.Hence,
itcomesasnosurprisethatbothshowhighcorrelationswithpupil
dilationafterthesecondcardandasimilartimecourse(Figure6).
In fact, at the time point depicted in Figure 4D, the correlation
to |PE2| is slightly stronger, most likely because |PE2| – unlike
RE2 – takes its minimum for the extreme values (Table 2). Distin-
guishing the different formalizations of surprise has not been the
aim of the present paradigm, which primarily asked to dissociate
expected reward from (any measure of) surprise. The conclusion
that pupil dilation signals surprise, but not reward, is robust and
insensitive to the precise formalization (Figures 4A and 5).
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